Introduction
============

Chronic alcohol consumption affects all tissues of the body including blood. The pathological and toxicological effects of alcohol on blood were studied by earlier researchers and they found that increased oxidative/nitrosative stress and altered biochemical profile are responsible for these effects.^([@B1])^ Reports also revealed that intake of moderate alcohol has protective effects by decreasing coronary heart disease mortality,^([@B2],[@B3])^ while excessive alcohol consumption has detrimental effects on cardiovascular system which leads to coronary heart disease or hypertension and hemorrhagic stroke.^([@B4],[@B5])^ Besides, alcohol also exerts a number of deleterious effects which include the hyper fluidization of membranes and denaturation of proteins,^([@B6])^ by increased production of reactive oxygen species (ROS), which can oxidize the lipids, proteins and DNA.^([@B7])^ Red blood cells are first line of cells affected by ethanol after stomach mucosa cells. Due to high content of iron and polyunsaturated fatty acids present in erythrocytes make more susceptible to oxidative damage.^([@B8])^

Chronic and excessive alcohol consumption leads to various diseases, the progression and severity of those diseases reflects in blood biochemical profile. Blood patho-physiological conditions contribute to erythrocyte morpho-functional alterations that enhance platelet reactivity, RBC procoagulant activity, adhesiveness to endothelium and reduce erythrocyte deformability.^([@B9])^ Alterations in the red blood cell structure resulting in the impaired blood flow, chronic anaemia, endothelial dysfunction, ischemia, hypertension, risk for cardiovascular diseases and lysis of red blood cells at physiological conditions.^([@B10]--[@B12])^ Studies revealed that increased red blood cell breakdown impairs functions of erythrocytes and it lead to anaemia, jaundice, sickle cell disease, reticulocytosis and deficiency of glucose-6-phosphate dehydrogenase.^([@B13],[@B14])^ Previous reports revealed that chronic alcoholics showed increased hemolysis,^([@B10],[@B15])^ however, the exact underlying mechanism is not known. Furthermore, red blood cells are major storage site for nitric oxide (NOx).^([@B16])^ NOx is an important mediator of many physiological functions, and its role in the pathogenesis of many diseases is gaining recognition.^([@B17])^ Higher levels of NOx potentially toxic, interacts with superoxide thereby forming peroxynitrite, a strong oxidant which reacts with most biological molecules and make them functionally inactive.^([@B18])^ Previous reports revealed that alcohol enhances the NOx levels. However, role of NOx on erythrocyte lysis was not explained in deatailed.

Maintenance of erythrocyte morphology depends on the membrane lipid and protein composition. Red blood cell lipid bilayer is a complex and dynamic protein-lipid structures and microdomains that serve as functional platform for interacting signalling lipids and proteins.^([@B19],[@B20])^ Ethanol directly can interact with membrane proteins and bring about conformational changes, thereby influencing their structure and functions.^([@B21],[@B22])^ It has been reported that un-metabolized ethanol can induce hemolysis by altering erythrocyte membrane fluidity and forming membrane pores.^([@B23])^ The two dimensional cytoskeleton composed of an approximately hexagonal network of cross linked spectrin protein molecules. Erythrocyte membrane integrity is critical for maintaining the erythrocyte characteristic shape and is based on vertical and horizontal interactions among the cytoskeletal proteins, integral membrane proteins and phospholipid bilayer.^([@B24])^ Vertical interactions are based on spectrin, ankyrin, band 3, protein 4.1 and glycophorin, while horizontal interactions are mainly based on spectrin, protein 4.1 and actin.^([@B25])^ Hence, we hypothesized that increased hemolysis in alcoholics is due to by alterations in erythrocyte membrane lipid and protein profile.

Materials and Methods
=====================

Subjects
--------

Adult healthy human male volunteers (*n* = 30 in each group) aged between 35--45 years were selected based on a questionnaire. A written consent was obtained from all the volunteers. The male subjects who have regular practice of consuming alcohol everyday for at least 70--80 g for the last 8--10 years were selected. Fasting blood samples were collected into heparinized tubes. These samples were served as alcoholic groups, simultaneously males with the same age and nutritional status without any clinical abnormality and who do not consume alcohol were chosen as controls. The present study was carried with the prior approval of institutional ethics committee.

Measurement of plasma marker enzymes
------------------------------------

Plasma and red cells were separated by centrifugation at 800 × *g* for 10 min and were used for analysis. The activities of AST, ALT and ALP in plasma were determined using commercially available kits (Span diagnostics, Surat, India) and plasma γGT was estimated as described previously.^([@B26])^

Determination of erythrocyte total nitrate and nitrite levels
-------------------------------------------------------------

Erythrocyte nitrite and nitrate levels were determined as described previously.^([@B27])^ Briefly, red cell lysate samples were treated with 30% zinc sulphate to deproteinize samples followed by centrifugation at 4,000 × *g* for 5 min. Nitrite was determined from 1.0 ml aliquots of erythrocyte lysate using Griess reagent (1% sulphanilamide, 2.5% phosphoric acid, and 0.1% 1-naphthylethylene diamine). One millilitre aliquots of the supernatant were swirled for 90 min separately with activated cadmium granules for the conversion of nitrite to nitrate and then Griess reagent was added. Nitrite concentrations were estimated using a standard curve developed with sodium nitrite.

Erythrocyte membrane preparation
--------------------------------

Erythrocyte membranes were prepared as described previously.^([@B1])^ Erythrocyte suspension was washed with phosphate buffered saline (pH 7.4) and the cells were lysed with 10 mM phosphate buffer (pH 8.0) and RIPA lysis buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.4% deoxy cholate, 1% NP-40 containing protease inhibitors including 1 mM phenylmethylsulfonylfluoride (PMSF), and phosphatase inhibitors including 10 mM β-glycerophosphate, 10 mM NaF, 0.3 mM Na3Vo4 and 0.3 mM aprotinin and spun at 15,000 × *g* for 30 min. Hemoglobin free ghosts obtained by another wash with 5 mM phosphate buffer were used for analysis.

Determination of erythrocyte membrane TBARS and protein carbonyls
-----------------------------------------------------------------

TBARS were measured by the formation of malondialdehyde. The samples were treated with 2 ml of thiobarbituric acid reagent as described previously.^([@B28])^ Protein carbonyls were determined as described previously using 2,4-dinitrophenylhydrazine (DNPH) assay method.^([@B28])^

Determination of erythrocyte membrane total cholesterol, phospholipids and C/P ratio
------------------------------------------------------------------------------------

Lipids extraction and total cholesterol and phospholipids were determined as described previously.^([@B29])^ To the lysed membrane preparations, methanol and chloroform was added in 1:2 ratio. After 30 min the filtrate was collected from the mixture, and the residue was used again for another extraction. The pooled filtrates were used for estimation of cholesterol and phospholipids.

Analysis of red blood cell morphology
-------------------------------------

Red blood cell morphology was assessed in freshly prepared wet-mount preparations. Blood samples were diluted (1:200 dilution) in PBS were transferred onto glass slide having silicone grease well of \~1 mm depth and covered with a cover slip and cells were observed under microscope and images were captured at 10× magnification.

Determination of erythrocyte osmotic stability
----------------------------------------------

Release of hemoglobin from erythrocytes was determined as described previously.^([@B30])^ Diluted red cell suspension was added to tubes containing NaCl (0.9%) and allowed to stand at room temperature for 30 min and centrifuged at 2,000 × *g* for 5 min and absorbance of the supernatant was measured at 540 nm against blank.

SDS-polyacrylamide gel electrophoresis
--------------------------------------

The SDS-PAGE was done according to the method of Laemelli *et al.*^([@B31])^ The separating gel (12%) was made of 30% acrylamide, 0.8% *N*,*N*-methylene bisacrylamide, 10% sodium dodecyl sulphate (SDS) and 1.5 M Tris-HCl, pH 8.8. The Various components were mixed and polymerization was initiated by adding 10% ammonium persulfate and 0.02% TEMED. The solution was mixed and quickly poured into glass plate and water layered on top. After polymerization stacking gel (4%) containing 30% acrylamide, 0.8% *N*,*N*-methylene bisacrylamie, 10% SDS and 1 M Tris, pH 6.8 was poured on the separating gel layer and allowed to polymerize after addition of 10% ammonium sulphate and TEMED. The tank buffer contained 0.025 M Tris, 0.192 M glyceine, 0.2% SDS, pH 8.3. The sample buffer for SDS-PAGE was 1 M Tris-HCl, pH 6.8, 10% glycerol, 20% SDS, 5% β-mercaptoethanol, 0.1% bromophenol blue. The samples were denatured with sample buffer in water bath for 5 min. After cooling samples were loaded into the gel. Protein separation was achieved by running the sample through the stacking gel at a low voltage (50 mV) and then increasing the voltage (150 mV) once the dye front has reached the resolving gel. The electrophoresis was continued until the bormophenol blue reached the bottom of the gel.

Silver staining
---------------

This was carried out by the method of Okley *et al.*^([@B32])^ with slight modification. After removing the gel, it was placed in 5 gel volumes of 30% ethanol and incubated for 30 min at room temperature with gentle shaking and this step was repeated two times. Later ethanol was discarded and 10 gel volume of distilled water was added and incubated for 10 min at room temperature and this step was repeated for 3--4 times. After discarding distilled water 5 gel volumes of 0.1% solution of AgNO~3~ (freshly prepared) was added and incubated for 30 min at room temperature with gentle shaking. Then AgNO~3~ solution was discarded and both sides of the gels were washed with distilled water. Finally 5 gel volumes of freshly made aqueous solution (2.5% sodium carbonate, 0.02% formaldehyde and 0.001% sodium thiosulfate) was added and incubated with gentle agitation. As soon as bands started appearing, glacial acetic acid was poured to the run until bubbles were stopped. Then gels were washed 3--4 times with distilled water and stored in a solution containing 6 ml of acetic acid and 2.5 ml of methanol in 100 ml of distilled water.

Statistical analysis
--------------------

Data were subjected to statistical analyses; values are mean ± SD of 30 subjects in each group. The data was normally distributed and Student *t* test was performed for finding significant difference between the groups. A *p*\<0.05 was considered statistically significant. Correlation coefficients (*r*) were also made between certain parameters.

Results
=======

Alcohol consumption is known to cause an array of alcohol-induced biochemical changes in plasma. In the present study, we investigated the effect of alcohol on plasma marker enzymes and the data was presented in Fig. [1](#F1){ref-type="fig"}a--d. Activities of commonly used pathological and biochemical marker enzymes such as AST, ALT, ALP and γGT were showed significant increase in alcoholic subjects compared to control subjects.

Erythrocytes are more susceptible to alcohol-induced oxidative stress, TBARS and protein carbonyls are markers for oxidative stress status. In the present study, erythrocyte membrane of alcoholic subjects showed significantly increased TBARS (Fig. [2](#F2){ref-type="fig"}a) and protein carbonyls (Fig. [2](#F2){ref-type="fig"}b) compared to controls. NOx production was assessed by measuring the total nitrite and nitrate levels in erythrocyte lysate from alcoholic and control subjects. Results of the present study showed significantly increased nitrite and nitrate levels in erythrocyte lysate (Fig. [2](#F2){ref-type="fig"}c) of alcoholics when compared to controls.

Erythrocyte membrane total lipid composition was determined by measuring membrane total cholesterol and phospholipids. The data was presented in Table [1](#T1){ref-type="table"}, reveals significant increase in total cholesterol, phospholipids and the consequent C/P ratio in alcoholic group compare to controls.

Red cell morphology was studied in freshly prepared wet-mount preparations using PBS. Red blood cells of alcoholics and controls were observed using microscope and images were depicted in Fig. [3](#F3){ref-type="fig"}. Results showed that red cell morphology was changed into stomatocyte and spike like protrusion in alcoholics, however, controls red blood cells showed normal phenomena.

Erythrocyte membrane protein profile was analyzed by using SDS-PAGE and the data was presented in Fig. [4](#F4){ref-type="fig"}. Since, erythrocyte membrane contains few number of proteins we have performed SDS-PAGE analysis rather than western blotting, and also availability of antibodies are also limited. Erythrocyte membrane proteins were classified according to their degree of migration along the gels from cathode to anode end. SDS-PAGE analysis of erythrocyte membrane proteins revealed that the density of band 3, protein 4.2, p58, demantin, actin and glycophorins were significantly increased in alcoholics than the controls. Moreover, glycophorin A and GAPDH were also slightly increased compared to controls. However, we noticed decreased ankyrin with no change in spectrins and protein 4.1 densities in alcoholics.

Hemolysis in blood samples were determined by exposing red blood cells to 0.9% NaCl and the data was presented in Fig. [5](#F5){ref-type="fig"}. Blood cells of alcoholics were showed less resistance which reflects in increase in osmotic hemolysis compared to controls.

The association between variables in alcoholics were determined using Pearson correlation analysis and the data presented in Fig. [6](#F6){ref-type="fig"}a--d. Hemolysis showed strong positive association with lipid peroxidation (*r* = 0.703, *p*\<0.05), protein carbonyls (*r* = 0.754, *p*\<0.05) and RBC lysate NOx (*r* = 0.754, *p*\<0.05), moreover, weak association with C/P ratio (*r* = 0.240, *p*\<0.05) were noticed in alcoholics.

Discussion
==========

Chronic alcohol consumption causes liver damage because higher amounts of alcohol metabolism takes place in liver finally contributing to liver damage which leads to spill of cellular contents into plasma.^([@B33])^ Measurement of plasma marker enzyme levels was employed in the analysis of hepatic damage and diseases. In this study plasma marker enzymes AST, ALT, ALP and γGT were increased significantly in alcoholics compared with controls. Erythrocyte membranes are more susceptible to alcohol induced ROS and oxidative damage and they are considered as the best models to verify the effects of oxidative conditions in living cells. ROS and RNS are continuously produced in erythrocytes due to the high oxygen tension in arterial blood and their abundant iron content. These free radicals can directly damage red blood cell membrane by lipid peroxidation of membrane poly unsaturated fatty acids.^([@B34])^ Our results clearly demonstrated that chronic alcohol consumption resulted in sustained damage to erythrocytes as evidenced by increased TBARS in erythrocyte membrane of alcoholic subjects than controls. Oxidative alteration of erythrocyte membrane polyunsaturated fatty acids generates a number of degradation products in alcoholics. Alcohol-induced lipid peroxidation causes depolarization of lipid bilayer and yields changes in the structural organization of membrane lipids which can disturb the membrane fluidity.^([@B35])^ A strong positive association were noticed between lipid peroxidation and hemolysis. Moreover, the influence of lipid peroxidation on hemolysis cannot be ruled out in alcoholics. Oxidation of proteins can lead to a whole variety of amino acid modifications. The attack of ROS against proteins modifies lysine, arginine, proline and histidine residues generating carbonyl moieties.^([@B36])^ Elevation of protein carbonyl content is a major indicator of protein oxidation caused by oxidative stress.^([@B35])^ In the present study, alcohol-induced oxidative radicals could have oxidised amino acid side chains, cleavage of peptide bonds and formation of covalent protein-protein cross link derivatives in erythrocyte membrane which leads to destabilisation of the membrane in alcoholics.

Alcohol metabolism generates a variety of NOx radicals. Nitrosative stress occurs when generation of these radicals exceeds the system ability to neutralize and eliminate. NOx produced by vascular endothelial cells may reach the erythrocytes, diffuse across erythrocyte membrane, and react with molecular oxygen to form nitrite, or with superoxide anion to form peroxynitrite (ONOO^−^).^([@B37],[@B38])^ Peroxynitrite interacts with erythrocyte membrane lipids and proteins and make them functionally inactive in alcoholics. In the present study, red cell lysate nitrite and nitrate levels were increased in alcoholics than controls. Previous reports also suggested that NOx participates in the regulation of erythrocyte membrane properties and rheological behaviour.^([@B39])^ Our lab reports revealed that NOx significantly alters erythrocyte membrane fluidity, membrane bound proteins, enzymes and transport mechanisms.^([@B40])^

Lipids play multiple roles in biologic membranes by providing the proper polarity and spacial arrangement necessary for optimal activity of membrane-bound enzymes and proteins.^([@B41])^ In this study, erythrocyte membrane cholesterol, total phospholipids were significantly increased in alcoholics than the controls. As reported by earlier researchers alcohol enhances lipid synthesis and its insertion in erythrocyte membrane.^([@B34])^ Alcohol-induced oxidative damage also causes alterations in phospholipids and resulting changes in structural characteristics and dynamics of the lipid bilayer with functional impairment in membrane fluidity, ion permeability, membranous enzyme activity, and cell signalling.^([@B39])^ Furthermore, alcohol consumption alter the organization of membranes with altered fluidity and reacting with free amino, sulfhydryl and other functional groups leading to oxidative modification of proteins and consequently changes in the properties of membranes.^([@B42],[@B43])^

Cytoskeletal proteins interact with membrane integral proteins and lipids to maintain structural integrity of erythrocyte membrane.^([@B44])^ Erythrocyte cytoskeleton network mainly composed of spectrin, ankyrin, actin and protein 4.1. Ankyrin binds to spectrin tetramers to form a link to the membrane protein band 3.^([@B45])^ In this study, alcoholics showed decrease in ankyrin, this could due to increased proteolytic degradation, and ROS/RNS mediated protein oxidation by alcohol or its metabolite acetaldehyde.^([@B46])^ In the present study, increased density of band 3, protein 4.2 and 4.9, actin, glycophorins and GAPDH might be due to the enhanced synthesis and insertion or altered signalling mechanisms might have played a role to adopt alcohol-induced alterations in the red cell membrane. Protein 4.1 promotes and regulates actin-spectrin association, and also links to another transmembrane protein glycophorin. Band 3 anchors the spectrin/actin cytoskeleton to the lipid bilayer, organizes and regulates a complex of glycolytic enzymes and also participates in control of several important membrane-spanning proteins.^([@B47])^ Furthermore, band 3, serves as a docking site for multiple peripheral membrane proteins, including protein 4.1 and protein 4.2.^([@B48])^ Tyualina *et al.*^([@B43])^ was reported that plasma and erythrocyte membrane protein profile was increased in chronic alcoholics and also *in situ* acetaldehyde treated red blood cell membranes. However in-depth confirmative studies were required to understand the molecular events underlying in chronic alcohol-induced alterations in erythrocyte membrane proteins and their interactions.

Effect of alcohol on red cell morphology were studied and results showed that red cell morphology was changed in to stomatocyte and echinocytes, this might be due to increased lipid peroxides, protein carbonyls, altered membrane lipid and protein composition. Further, we extended our studies to test membrane resistance by measuring hemolysis. Results revealed that alcoholics showed less resistance with increased hemolysis than the controls. Increased hemolysis might have resulted from ROS/RNS mediated membrane oxidation of lipids and proteins in the membrane and cytoskeleton proteins. Strong positive association was noticed between hemolysis and NOx levels and protein carbonyls in alcoholics. Researchers also reported that oxidative modification of erythrocyte membrane proteins would lead to increased hemolysis in chronic alcoholics.^([@B10],[@B15])^ Alimi *et al.*^([@B23])^ reported that alcohol increased the number of red cell stomatocytes and echinocytes which enhances the red cell fragility due to incorporation of excess cholesterol into erythrocyte membrane of rats. Further, decreased ankyrin levels in alcoholics might have played a role in the destabilization and anchorage of cytoskeleton to the erythrocyte membrane which might have lead to altered shape, membrane destabilisation and lysis of red blood cells.

In summary, chronic alcohol consumption increases oxidative/nitrosative stress which in turn alters erythrocyte membrane lipid composition and protein profile. These alterations might be responsible for the increased hemolysis.
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![Effect of alcohol on liver marker enzymes a) AST, b) ALT, c) ALP, d) γGT. All enzyme activities were expressed as IU/L. Values are expressed as mean ± SD. A *p*\<0.05 statistically significant in between groups and **\***indicates statistically significant from control group.](jcbn16-16f01){#F1}

![Effect of alcohol on erythrocyte membrane a) TBARS, b) protein carbonyl levels, c) erythrocyte lysate nitrite and nitrate levels. Values are expressed as mean ± SD in each group. A *p*\<0.05 statistically significant in between groups and **\***indicates statistically significant from control group.](jcbn16-16f02){#F2}

![Effect of alcohol on red cell morphology, arrow mark indicating the altered red cell structure and shape.](jcbn16-16f03){#F3}

![SDS-PAGE analysis of alcohol-induced alterations in erythrocyte membrane proteins prepared from control and alcoholic subjects. Erythrocyte membrane proteins were resolved in 12% polyacrylamide gel and protein bands were visualised by using silver staining as described in materials and methods.](jcbn16-16f04){#F4}

![Effect of alcohol on red cell resistance at 0.9% NaCl. A *p*\<0.05 statistically significant between groups **\***indicates statistically significant from controls.](jcbn16-16f05){#F5}

![Correlation analysis (*r* values) between the following parameters in alcoholics a) hemolysis vs lipid peroxidation, b) hemolysis vs protein carbonyls, c) hemolysis vs RBC lysate NOx, and d) hemolysis vs C/P ratio. Pearson correlation analysis method was used to determine the correlation coefficient.](jcbn16-16f06){#F6}

###### 

Effect of erythrocyte membrane total cholesterol, phospholipids and C/P ratio

  Parameter             Control       Alcohol
  --------------------- ------------- -------------------
  Total cholesterol     99 ± 2.5      148 ± 6.2**\***
  Total phospholipids   113 ± 4.2     130 ± 3.2**\***
  C/P ratio             0.88 ± 0.04   1.14 ± 0.07**\***

All the values are expressed as µg/mg protein. Values are expressed as mean ± SD of each group. A *p*\<0.05 statistically significant between groups and **\***indicates statistically significant from control group.
